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Log-likelihood Supplementary Figure S2 . BAMM posterior summaries. (a) Posterior distribution of the number of rate shifts under the BAMM model. Although the number of estimated rate shifts was small relative to the number of branches in the tree (ratio = 0.005), the posterior mean rate on each branch was potentially unique. This is because the location of rate shifts is a random variable in the model; if x rate shifts are observed at some point in the MCMC chain, a future occurrence of x shifts in the tree in a future state need not share those locations. (b) Posterior distribution of branch-specific estimates of the ratio of extinction to speciation across all 15646 branches in the fish phylogeny. The overall mean of this parameter (the relative extinction rate) was 0.28, substantially lower than might be expected based on the fossil record, but much higher than values typically reported for molecular phylogenies. Contrast in (log) phenotypic rate Contrast in (log) speciation rate Supplementary Figure S3 . Relationship between rate of body size evolution and speciation in actinopterygian fish families. Phylogenetic independent contrasts between family-averaged rates of log-transformed rates of body size evolution (x-axis) and log-transformed rates of speciation (y-axis). Relationship is highly significant using ordinary least-squares regression through the origin (r 2 = 0.54; p < 10 -15 ). Supplementary Figure S4 . Phenotypic rates and expected correlation between speciation and phenotypic rate. (a) Distribution of phenotypic rates across rate shift events, inferred across the full time-calibrated fish tree. (b) Rank correlation between rate of speciation and rate of phenotypic evolution (mean = -0.02) under a simulation model where phenotypic rate shifts occur at random on the fish tree and where phenotypic rates are sampled from the observed distribution of rates (A). solutions to the scorpaeniform problem have been proposed, none has achieved consensus from the ichthyological community. As a result, we did not constrain Scorpaeniformes in any of its various conceptions to monophyly. We also constrained monophyly of five higher-level groups:
Osteoglossomorpha, Elopomorpha, Ostariophysi, Clupeocephala and Acanthomorpha. We then used 60 fossil calibrations (Supplementary Table S2 ) to time calibrate the phylogeny using treePL 116 .
Bayesian Analysis of Macroevolutionary Mixtures (BAMM)
Event-driven model for rate shifts: As introduced in the main text, the BAMM model proposes that "events", or rate shifts, are added to or removed from the phylogeny according to a compound Poisson process 106 . The occurrence of an event on a particular branch ve defines an "event subtree": all nodes and branches descended from ve inherit the collection of evolutionary processes Φ1 (defined by the event at ve), until the event is terminated. An event terminates at terminal branches, or at the next downstream event. The model allows multiple evolutionary events to occur on single branch, although this rarely occurred in practice (see below). Each event on the tree defines a connected subgraph of adjacent nodes τe, but does not necessarily include all of the descendant nodes from a given event (see Fig. 1 ), if subsequent events have occurred along one or more descendant lineages. Indeed, it is possible for a set of processes Φ1 to pertain strictly to a set of internal nodes and branches, but this requires that a sufficient number of additional events occur to terminate the inheritance of Φ1 before reaching any terminal branches.
Likelihood calculations:
To compute the likelihood of a phylogeny with character state data at the tips, we assumed independence of the character states and diversification rates, such that the joint likelihood of the data was given by
as described in the main text, where τ is the tree and ω is a vector of phenotypic data. Identifying methodological frameworks for the simultaneous analysis of character states and diversification rates is an active area of research [107] [108] [109] [110] , but incorporating a character state-dependent approach into our analyses is several degrees of difficulty removed from any currently available models and is not necessarily relevant to our analysis. We do not analyze or interpret the relationship between particular trait values and diversification, and existing state-dependent frameworks are restricted to this case; rather, we are concerned strictly about the covariance between rates of trait change and speciation/extinction rates. Moreover, "character states" in our model are unique events on phylogenetic trees that define a collection of evolutionary rates on branches; they are not character states that evolve recurrently across the tree. Whether these processes can be treated independently is a topic that could serve to motivate future research, but there is no necessary reason why the rate of trait evolution should bias inferences about the rate of diversification in this framework: our model simply allows portions of phylogenetic trees to be governed by rates of speciation, extinction, and trait evolution that are decoupled from rates on other subtrees.
To compute the likelihood of the tree itself, we found solutions to the differential equations describing the probability of observing a reconstructed phylogenetic tree under a particular speciation-extinction configuration. Following the notation of Maddison et al. 108 , we denote by D(t) the probability that a lineage at time t evolves into a clade identical to the observed clade, and we denote by E(t) the probability that the lineage goes extinct before the present. E(t) refers to the probability of extinction before the present given the model of speciation and extinction at time t. Under the constant-rate birth-death process, the dynamics of D(t) and E(t) are given by:
Exact solutions to these equations are given by
where E0 and D0 are the initial values of the speciation and extinction probability for a given interval over which E(t) and D(t) must be computed. At each internal node in the tree, the right and left probabilities (DR(t) and DL(t)) are combined as λ DR(t)DL(t), where λ is the speciation rate at the focal node.
It is straightforward to use these equations to model diversification rate shifts across phylogenetic trees and simply involves additional bookkeeping relative to the constant-rate calculations that have been widely used in other contexts 111 . We performed these calculations using postorder tree traversal (visiting descendants of each node before performing calculations at the focal node itself). First, initial states for E0 and D0 are set for all tips in the tree. In the case of incomplete taxon sampling, as we have here, we simply modify D0 to f, where f is the fraction of species in the tree that have been included in the analysis. Likewise, E0 is set to 1 -f, and represents the probability that a lineage existing in the present is not included in the phylogeny, through sampling failure; formally, this is equivalent to modeling incomplete sampling as an instantaneous mass extinction event of intensity 1 -f in the present 108, 111, 112 . We then visited each internal node in postorder sequence, computing the probability of both right and left descendant branches and combining nodal probabilities as described above. These values serve as D0 for the branch leading root-wards to the parent node, and the calculations continue to the root. E0 values are computed exactly for each internal node, given the current rates of speciation, extinction observed at the node.
To facilitate rapid calculation, we did not perform separate calculations for subintervals on a given branch that may have been governed by more than one evolutionary rate; rather, we computed the mean rate of speciation and extinction for each branch and assumed that the branch itself reflected a constant-rate dynamic under this mean rate. In practice, this made little difference: for the fish analysis, the reconstructed number of rate shifts on the tree was more than two orders of magnitude lower than the number of branches, such that two or more rate shift events only rarely occurred on the same branch. Moreover, there is very little information contained in a branch itself (it reflects a period of time with no observations), and this information is simply insufficient in general to retain multiple shifts on single branches in the compound Poisson framework described below.
We computed the likelihood of phenotypic data under a model of trait evolution by Brownian motion. Rather than directly computing the phylogenetic variance-covariance matrix, we treated ancestral states as nuisance parameters and analyzed the marginal distributions of evolutionary rates after integrating over ancestral states using Markov Chain Monte Carlo (MCMC). We lacked body size data for 1064 species from the full 7822 taxon tree; such nodes (and associated internal nodes) did not contribute to the likelihood of the phenotypic data. By treating internal node states as nuisance parameters, we avoided explicit matrix computations involving a large phylogenetic variance-covariance matrix. This dramatically increased the speed of our likelihood calculations for very large trees.
Missing taxa: Our analytical correction for missing taxa (by modifying E0 and D0 at the tips) assumes that taxa are missing randomly from the phylogeny. However, although our sampling included 27% of total actinopterygiian diversity, the sampling fraction varied considerably among clades (Fig. 2) . We set all initial values of E0 and D0 for each species using familyspecific values, to account for this sampling heterogeneity across clades. Likewise, for all internal nodes belonging to a given clade (e.g., "Cichlidae"), E0 calculations were performed using the clade-specific E0 value. We believe that some non-random taxon sampling probably occurs within families. However, because we are not specifically modeling changes in diversification through time, we do not believe this is especially likely to be problematic 113, 114 .
Moreover, our maximum likelihood analyses -computing speciation rates from simple constantrate diversification estimators while ignoring all information about within-clade branching patterns -yield virtually identical results to BAMM analyses (see below), suggesting that nonrandom sampling is unlikely to confound the results presented here.
Compound Poisson Process and Bayesian implementation:
In our implementation, which closely parallels a previous approach for modeling molecular evolutionary rate variation across phylogenetic trees 106 , the following updates to the MCMC chain occur:
(i) An event is added to the tree. The acceptance probability for this move is computed as the product of the likelihood ratio and the proposal ratio, or
where T is the total tree length, Λ is the event rate, κ is the current number of events, and dκ is the probability of adding an event when there are κ events on the tree. L (θ) and L (θ') represent the likelihood of the current and proposed states, respectively. In this case, dκ = 1 except in the case of κ = 0, in which case dκ = 0.5. This is occurs because of the inherent proposal bias that occurs when there are 0 events on the tree (events can only be gained when there are no events on the tree; thus we introduce a 0.5 correction factor to account for this).
(ii) An event is deleted from the tree. The acceptance probability in this case simply requires inverting the proposal ratio given above.
(iii) The position of an event is updated. These include global event moves, where an event is moved to another location on the tree at random; and they include local moves. For local moves, events are moved backwards (toward the root) or tipwards with equal probability by a small amount (a uniformly-distributed random number). If the local move bumps into a boundary (the root, or a terminal node), it is reflected back down the tree. If the local move advances tipwards and encounters another internal node, it will advance down either the right or left descendant branch with equal probability. We fixed the ratio of local:global proposal moves at 5:1.
(iv) The rate at which events occur is updated. This rate, along with the others described below, was updated using a proportionally shrinking/expanding proposal, or r* = re
where r* is the rate proposal, r is the old rate, U(0,1) denotes a (0,1) uniform random number, and α is a scale parameter. We placed an exponential prior on the event rate, with the rate parameter of the exponential prior selected to result in an average of 1.0 events on the tree.
Values for α and other tuning and scale parameters were chosen manually after monitoring proposal acceptance rates from experimental MCMC runs.
(v) Rates of speciation are updated for a randomly-chosen event. We used a relatively flat exponential prior (rate = 1.0).
(vi) Rates of extinction are updated for a randomly-chosen event; this rate was also assigned a relatively uninformative (rate = 1.0) exponential prior.
(vii) Rates of trait evolution are updated for a randomly-chosen event. We found that short internal branches could exert a substantial effect on overall estimates of phenotypic rates, so we used a more informative prior to help constrain extreme rate changes across the tree. Results reported here involve using an exponential prior (rate = 20) for the rate of log-transformed bodysize evolution, although a relatively flat (rate = 1.0) prior gave virtually identical results.
(viii) Ancestral states associated with nodes are updated. The log-transformed body size associated with particular nodes was updated using a normal proposal. A uniform (0.4, 7.7) prior was placed on the distribution of (log) body size. These correspond to a minimum body size of 1.49 cm, smaller than the smallest fish in Fishbase, and a maximum of 2200 cm, an approximate upper bound on the size of the largest known ray-finned fish to have ever lived (Leedsichthys).
We confirmed through simulations that the method did not result in artifactual correlations between speciation and trait evolution when no such correlation existed. Posterior distributions for parameters sampled using BAMM without considering the likelihood of the data (e.g.,
Hasting ratio a function of priors and proposal ratios only) recover the observed priors and do not result in spurious correlations between speciation and trait evolution. For a second set of simulations, we increased the prior mean on the expected number of rate shifts, again without computing likelihoods, such that the marginal distributions of all parameters are strictly a function of proposals and prior distributions. We found no evidence that our choice of priors or proposal mechanisms could lead to an elevated Type I error rate.
Finally, we simulated datasets under a special case of the compound Poisson process with shifts in both the rate of speciation and the rate of phenotypic evolution, but where these rates are decoupled across the phylogeny. We simulated phenotypic rate shifts on the observed timecalibrated fish phylogeny, thus preserving in our simulations all information present with which to infer variation in speciation and extinction rates. For each replicate, we randomly placed 70
shifts in phenotypic evolutionary rates onto internal branches on the time-calibrated fish phylogeny. We then sampled values for these phenotypic rate regimes (e.g., colored regions of Fig. 1 ) using the observed distribution of phenotypic evolutionary rates (Supplementary Figure   S4a ). This distribution of phenotypic rates across the fish tree was used to simulate phenotypic data under Brownian motion. Datasets generated under this simulation algorithm thus contained shifts in both diversification rates as well as phenotypic evolutionary rates, but phenotypic rates were entirely decoupled from rates of speciation and extinction. We used BAMM to analyze 200 datasets generated in this fashion, finding no evidence that simple variation in evolutionary rates across the fish tree could lead to consistent positive correlations between the rate of trait evolution and the rate of speciation (Supplementary Figure S4b) .
Results of BAMM analysis
The Spearman rank correlation between the rate of speciation and rate of phenotypic evolution, as the mean of the posterior distribution of rates across rate regimes Φ, was 0.653 (0.025 and 0.957 quantiles of 0.47 and 0.76, respectively). The median p-value from this test was less than 10 -8 . The Pearson correlation between log-transformed rates of speciation and phenotypic evolution had 0.025 and 0.975 quantiles of 0.48 and 0.77, with a posterior mean of 0.642. The median p-value from this analysis was also less than 10 -8 . Note that the sample sizes for each individual correlation analysis is equal to the number of rate shifts on the tree at any point in time plus one (for the collection of rates at the root of the tree); this distribution is shown in Supplementary Figure S2a and was approximately 58-67 for all analyses.
Maximum likelihood estimators and crown clades
In order to use crown-clade estimators for diversification rates, we must be reasonably confident that our taxon sampling includes representatives that span the basal divergence within a clade (the 'crown'). However, most major clades in the fish tree are characterized by incomplete taxon sampling, such that it is difficult to state with certainty whether the root of the sampled subtree is also the MRCA of the clade. We computed the probability that our sampling captured the true root of each clade under the assumption of random taxon sampling 115 . These probabilities are almost certainly an underestimate of the true probability for each clade, because -to the extent that taxon sampling is non-random -it is likely to be disproportionately biased towards capturing early divergences within the clade 113, 114 . We performed analyses on the set of clades for which at least 3 species were sampled, and for which the probability of sampling the root was at least 0.80; the resulting set of 163 families accounts for 24312 species of fish. For all relative extinction rates considered, there was a highly significant positive correlation between contrasts in the log-transformed rate of speciation and contrasts in the (log) rate of body size evolution (p < 10 -7 , df = 1, 161; Fig. 4a, b) . Virtually identical results were obtained when we restricted our analysis to 107 families with at least 5 sampled species and for which the root sampling probability exceeded 0.90 (p < 0.002 for all relative extinction rates; Supplementary Figure S3 ).
This correlation was also positive and significant when restricted to sister clades only (Fig. 4c,   d ).
